Here we show a novel chemical vapor synthesis technique, which uses high-pressure hydrogen and produces needle-shaped single crystalline made of metal hydride of MgH 2 . The principle of this method is based on the gas phase reaction of vaporized metal with high pressure hydrogen sublimating into solid metal hydride (Mg(g) þ H 2 (g) ! MgH 2 (s)). This can directly produce pure single-phased metal hydride of MgH 2 , while the conventional solid-gas reaction (Mg(s) þ H 2 (g) ! MgH 2 (s)) can hardly produce high purity hydride. The X-ray spectrum of as-synthesized product was MgH 2 with rutile structure. The scanning electron micrographs showed the interesting figure of the product; needle-shaped nano fibers with diameter less than 500 nm and length larger than 100 mm. Transmission electron micrograph and related electron diffraction pattern provided that the needle-shaped product was single crystalline of MgH 2 growing into [1 0 1] direction, into which Mg-layers and H-layers are alternately stacked up. The results appealed a revolutionary productive route for metal hydride, which offers many benefits for simplifying the productive procedure, minimizing processing time, saving energy, and upgrading the product.
Introduction
Hydrogen storage is a key technology 1) which enables the advancement of hydrogen and fuel cell 2) power technologies for transportation, stationary, and portable power applications. Development of a new hydrogen storage material 3) is strongly required to achieve both large storage capacity over 6.0 mass% and hydrogen release below 100 C. Metal hydride, known as hydrogen storage alloy, is currently produced based on ingot metallurgy, 4) in which the ingot metal/alloy is needed to be crushed roughly and then to be examined by cyclic hydrogenation/dehydrogenation, socalled activation treatment. The activation treatment should be held under the control of temperature and hydrogen pressure for hydriding metal/alloy, and repeated at least ten times due to too small rate in the gas-solid reaction between metal and hydrogen. The hydrogenation rate is controlled by the following series of six reaction steps; 1) physical adsorption of hydrogen gas on the metal surface, 2) chemical adsorption of hydrogen gas on the metal surface, 3) dissociation of hydrogen molecule into two atoms, 4) diffusion of the hydrogen atoms as surface penetration, 5) diffusion of hydrogen atom into the metal's lattice producing alpha-hydride phase, and 6) the lattice reconstruction from metallic lattice (solid solution alpha-metal hydride) to metal hydride (beta-metal hydride).
The activation treatment results in quite time-and energyconsuming 5) and the product inherently becomes polycrystalline due to large strain stress during the hydrogenation/ dehydrogenation. To solve the problems mentioned above, we propose a chemical vapor deposition (CVD) under highly pressurized H 2 , in which the product metal hydride deposited from the mixture of high pressure H 2 and gaseous metal. In spite of its scientific and engineering attractiveness, CVD under high-pressure hydrogen has never been reported according to Handbook of Chemical Vapor Deposition 6) and our research via major scientific database. Thus, here we newly named it as Hydriding Chemical Vapor Deposition (HCVD).
The HCVD method indicates attractive advantages: The large collision frequency between gaseous metals and hydrogen molecules quickly synthesizes metal hydrides, assynthesized metal hydride deposits on the cool substrate quickly, and the six steps required in the solid-gas reaction of the activation treatment was completely removed. To examine the proposed method, magnesium was selected as a raw material because magnesium has very small hydrogen diffusivity and is difficult to be completely hydrided.
Experimental
Commercial magnesium (purity-99.9%) was heated up to 870 K to vaporize at 4 MPa of hydrogen pressure in the electric furnace as shown in Fig. 1(a) . The reaction product between hydrogen and magnesium vapor deposited on the substrate of cooled Inconel. The deposited product was collected and was investigated by means of X-ray diffractometer (XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Very interestingly, most of the product was straight needle, having diameter less than 500 nm and length larger than 100 mm without any branches. This result can be added to a series of novel structures synthesized in vapor phase; NbSe Mobius strip, 7) C 60 fulleren 8) and carbon nano tube. 9) The observation from the substrate side gives that the needle had matchstick-head like ends, which was identified as amorphous magnesium by later TEM analysis. This fact provides information about the needle growth: The growth of needle metal hydride was initiated by generating magnesium phase. Figure 2 shows XRD patterns of the needles. Obviously, the chief phase was MgH 2 ; tetragonal, rutile TiO 2 type structure 10) described as P4 2 /nmn space group with cell param-* Graduate Student, Hokkaido University Materials Transactions, Vol. 47, No. 3 (2006) pp. 931 to 934 #2006 The Japan Institute of Metals EXPRESS REGULAR ARTICLE eters a ¼ 0:4517 nm and c ¼ 0:30205 nm. In addition, the TEM image ( Fig. 3 ) and the related electron diffraction pattern reveal that the needle keeps continuity as a single crystal along with its longitude. This crystallinity of needle MgH 2 was comparatively larger than current MgH 2 prepared by hydrogenating solid magnesium, in which adequately small magnesium particles, less than 1 mm, is required 11) due to extremely small hydrogen diffusivity of magnesium.
Results and Discussion
The electron diffraction pattern of needle provides that the needle longitude was coaxial to [101] direction of MgH 2 lattice. It is noteworthy that magnesium and hydrogen do not coexist on the (101) plane and they are divided into Mglayers and H-layers as shown in Fig. 4, i. e., the MgH 2 lattice can be constructed by alternately stacking these layers. Summarizing the results, grow mechanism of the MgH 2 needle is hypothetically explained as following steps: 1) Magnesium deposits on the cool substrate to form a submicron-order particle, 2) hydrogen adsorbs on the magnesium drop and then it places systematic double layers of hydrogen, 3) the magnesium deposes on the hydrogen layer to build a single magnesium layer, 4) hydrogen adsorbs on the magnesium and layers doubly, and 5) repeating the step 3) and 4) of alternatively stacking hydrogen-hydrogenmagnesium layers, the needle-like MgH 2 crystal grows along the [101] direction.
Mechanism on how to determine the needle diameter is not clear, but it must be somewhat related with the diameter of magnesium drop at the step 1). Ltd.) in which the hydrogen atoms in the MgH 2 are regarded as ions. Thus the H atoms are drawn larger than those in H 2 molecule bonding covalently though it has been reported that the H atoms in MgH 2 are less ionized. 12) hydrogen so that only magnesium particles could deposit on it. The temperature would be higher toward the opposite to the substrate and would be suitable to adsorb H 2 and to form MgH 2 (200 to 500 C). Therefore controlling the bulk temperature of atmosphere is vital to grow MgH 2 needle longer and to industrialize this method. From the viewpoint of engineering aspects, the HCVD method is a quite attractive method. It is landmark achievement in the field of material production that the HCVD succeeded to synthesizing hydride of the metal with less hydrogen diffusivity. In addition, many research on CVD of various metals and alloys has been reported, 6) thus, HCVD has large possibility to be applied to synthesize the hydrides of those metals and alloys. Further researches on vital parameters are required for industrializing the HCVD method; for example, effect of temperature on needle growing rate, needle diameter and needle length.
